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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (met-

ric) units as follows:

Multiply By To Obtain

* feet 0.3048 metres

feet per second 0.3048 metres per second

inches 25.4 millimetres

kips (force) per 6.894757 megapascals
-square inch

miles (US statute) 1.609 kilometres

pounds (force) 4.448222 newtons

pounds (force) per 157.08748 newtons per cubic
Scubic foot metre

pounds (force) per 14.593904 newtons per metre
foot

pounds (force) per 175.1268 newtons per metre
inch

pounds (force) per 0.006894757 megapascals
square inch

3
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SUMMARY OF THE RICHARD B. RUSSELL

CONCRETE DAM VIBRATION STUDY

PART I: INTRODUCTION

1. The Richard B. Russell Dam, recently built by the US Army Corps of

Engineers (CE), is approximately 170 miles* from the mouth of the Savannah

River between Georgia and South Carolina. As shown in Figure 1, the crest of

.- the concrete gravity part of the darn is 1,884 ft long. It is composed of 13

nonoverflow, 8 intake, and 11 spillway monoliths, the tallest of which is

approximately 200 ft high.

2. Results of prototype vibration tests of the Richard B. Russell

' Dam, with and without reservoir, were compared with linear elastic three-

dimensional dynamic finite element (FE) analyses of the dam (Chiarito and

4 Mlakar 1983; Bevins, Chiarito, and Hall, in preparation). This comparison

provides a basis for assessing the accuracy of linear elastic FE models for

predicting dynamic properties of concrete gravity dams.

3. A modal assurance criterion** (MAC) was used to compare the results

of experimental and analytical structural dynamics (Allemang and Brown 1982).

(See Appendix B for a discussion of the modal assurance criterion.)

4. The grid for the three-dimensional FE analyses of the dam is shown

in Figure 2. Four FE analyses were conducted:

a. Fixed base or foundation, without reservoir.

b. Fixed base, with reservolr.

c. Flexible base, without reservoir.

d. Flexible base, with reservoir.

The fl.xiole base was modeled with vertical and horizontal springs using a

spring constant computed from material properties of the foundation. Concen-

trated masses were added to model the mass due to the reservoir and the

tainter gates.

• A table of factors for convertir ,on-S ,rits of' masurement to SI

(metric) units is presented or e 3.
I Certa n te 2 1 icaI Lrms re df fi e t i c a rv ' Apendix E.
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PART II: PROTOTYPE TESTS

5. Two forced vibration tests were made on the Richard B. Russell Dam

before and after impot idment of the reservoir to determine the natural fre-

quencies, mode shapes, modal damping ratios, and relative joint movements

(Chiarito and Mlakar 1983; Bevins, Chiarito, and Hall, in preparation). The

first low-level forced vibration test (test 1), before reservoir impoundment,

was conducted during January and February 1982 with a mean headwater elevation

of 343. The second test (test 2), with reservoir impoundment, was conducted

during June and July 1984 with a mean headwater elevation of 470. These tests

provided an experimental measure of the prototype hydrodynamic interaction and

a comparison of the changes of the dynamic properties produced by the

reservoir.

6. The dam was excited at monoliths 7, 16, and 22 by a crest-mounted

inertial mass. The force input was in an upstream-downstream direction. As

shown in Figures 3 and 4, respectively, three arrays of servo accelerometers

measured the horizontal crest accelerations of 31 monoliths in the first test

and all 32 monoliths in the second test. Measurements from the drive point on

monolith 16 overlapped measurements from drive points on monoliths 7 and 22.

7. In each test, accelerometers were placed at different elevations in

the three drive point monoliths to measure the horizontal motions in the

vertical planes. Figures 5 and 6 show the cross-sectional accelerometer loca-

tions for the first and second tests, respectively. Pressure gages were also

placed on monolith 7 in the second test (Figure 6).

8. Relative joint motion arrays were positioned at three locations in

test 1 and two locations in test 2. They consisted of two accelerometers

closely spaced on each side of the joint being monitored. Tests 1 and 2 joint

accelerometer locations are shown in Figure 7.

9. The abutments of the sides of the dam restrained the end monoliths

with some degree of fixity. However, the abutment on the Georgia side was not

complete during the first test and was approximately 60 ft below the completed

crest elevation 495. Therefore, a portion of monolith 1 was unrcstrained on

the Georgia side during the first test.

N 10. Static and dynamic measurements on 6- by 12-in, concrete cylinders
Sro the dam are summarized in Tables 1 through 3. Dynamic modulus of elas-

II

[. t it of sev'en rock core samples are listed in Table 4. The in situ elastic

[Z5

L$ *1 'S.



modulus of the foundation, Ef , was estimated from the dynamic modulus of

elasticity, cross-hole seismic velocity, and pulse velocity of the rock core

samples. As discussed in Appendix A, the estimated value for Ef was

6.05 10 psi.

11. The mode shapes measured of the crest of the dam from the two vi-

bration tests are shown in Figures 8 through 12. The response at monolith 22,

a drive point measurement, was neglected because it was an order of magnitude

larger than the other responses. This extremely large response seemed to be

in error and distorted the mode shapes. By visual inspection of these modes,

:he responses in the midsection of the dam compared well, but differed at the

ends of the dam. Slight shifts in the maximum response points towards the

ends of the dam are an indication that the hydrodynamic effects added mass to

the dam's midsection. Note that the fourth crest flexural mode, Figure 11,

was determined for test 2 only. This is because the vibrator locations may

have been nodes of the fourth mode in test 1 (Chiarito and Mlakar 1983). (The

| locations of the rodes were possibly different for tests 1 and 2.)

12. As expected, the reservoir impoundment decreased the natural

requenc . . of the dam due to the added mass. The damping estimates and

natural frequercies from test I and 2 are shown in Tables 5 and 6, respec-

tively. With the exception of mode 5, the reservoir had little effect on

the damping estimates. Percent decreases in natural frequencies were the

iar est for mode 1 (10.1 percent), with smaller decreases for the higher

modes (Bevins, Chiarito, and Hall, in preparation). (As discussed later,

r. .ra "", ,ee>- rom ir ite element analises are also included in Table 6

c :, COMr An scr,

IS. The YAC w,:as used to compare the crest mode shapes (Allemang and

Eror 1982. (Monolth 22 was not used in computing the MAC because excessive

iccal responses were recorded in test 2 at this monolith.) Table 7 summarizes

the results. Mode 3 showed reasonable agreement, but the other modes had fair

to poor correlation. Possible explanations of the poorer correlation between

mode shapes include the following:

a. The force input was not large enough to completely excite the
entire structlure 't the lower frequencies. (A typical force is
Thcwn in rigure ") 'deal-v, two or more force inputs would
re better. By vs..-u1 inscrcbi-r o:' modes 1 and 2, the mid-
aection oCf the dam azr-, > . but at the ends the shapes

I . " " - " - - - " . -. %-., - .
A& " " ° "%%Z ° " ° "" ' " " " " ' " " . " . " ". l " i
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b. A high degree of modal coupling (closely spaced resonance
frequencies) existed at the higher frequencies.

c. The friction forces between monoliths may have been different
for test 1 and 2. Tests 1 was conducted in winter, and test 2
was conducted in summer. Thus, expansion and contraction of
the matoerial could have changed the normal and frictional
forces between monoliths.

14. Except at elevation 430 (normalized height was 0.65), the experi-

mentally measured pressures on the upstream face of monolith 7 in the second

test with reservoir (Bevins, Chiarito, and Hall, in preparation) were close to

- - theoretical values calculated by a simplified procedure developed by Fenves

I< and Chopra ('986). (Due to a scaling error in the gage calibration, an ex-

cessively large pressure was recorded at elevation 430.) The theoretical

pressures are based on the fundamental cantilever mode shape and maximum ac-

celeration of a two-dimensional section. The measured pressure distribution

also was in agreement with pressures measured during vibration testing of the

Pine Flat Dam (Rea, Liaw, and Chopra 1972). The magnitude of the experiment-

ally and theoretically determined hydrodynamic pressure for the fundamental

frequency (5.3 Hz) of the dam is plotted in Figure 14 as a function of ele-

vation along the centerline of monolith 7. (The extremely large pressure at

elevation 430 is not shown in Figure 14.) As shown in Figure 14, theoretical

--. pressures were computed for two concrete moduli to establish a band in which

the experimental pressures should fall. This is because the monolith was

constructed using different concrete strengths for the exterior and interior

-mass (Tables I and 2). Evidence of low signal-to-noise ratio can be seen in

the :Essure distribution in Figure 14 (i.e., the points do not for,-- a smooth

distribution).

'5. Measurements from both tests at the relative joint motion arrays

indicated relative motions between monoliths. The nonlinear behavior of the

dam is attributed mostly to the monoliths' Joint behavior.

V 7
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PART III: FINTE ELEMENT MODEL

7inite Element Program

i. A structural analysis program for the static and dynamic response

of linear systems was used to calculate the natural frequencies and mode

shapes of the dam (Bathe, Wilson, and Peterson 1973). This program is coded

in FORTRAN 60 and was run oa the Honeywell DPS 8 mainframe computer at the US

/[ Army Engineer Waterways Experiment Station:

17. The program contains the following element types:

a. Three-dimensional truss element.

t. Three-dimensional beam element.

c. Plane stress and plane strain element.

d. Two-dimensional axisymmetric solid.

e. Three-dimensional solid.o
f. Variable-number-nodes thick shell and three-dimensional

elements.

SThin plate or zhin sh ell e'ement.

h. Boundary element.

i. Pipe element (tangent and be:nd).

These structural elements can be used in static or dynamic analyses to model

a large number of two- or three-dimensional structural problems. The capacity
cf the program depends mainly on the total number of nodal points in the sys-

-em, The numner of e:genvalues ne,- -d in the dynamic analysis, and the com-

c-,uter used. Practically no restriction is placed on the number of elements

used, the number of load cases, or the order and bandwidth of the stiffness

matrix. Each nodal point in -he system can have from zero to six displacement

cegrees of freedom. Because the element stiffness and mass matrices are

assembled in condensed form, the program is equally efficient in the analysis

of one-, two-, or three-dimensional systems.

18. The form-ition of the 7t,t mar r7,s is carried out in the same

anner ia stat r '/r aV ( A :S 'i r vo dynamic analysis can be

...,'ta':'K by the pAran

C2 ' 1 K tm.ati 7n cM mC sv 'ad f req Ue 7, os o

0
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d. Dymamic response analysis for arbitrary time-dependent loads
using mode superposition or step-by-step direct integration of
the equations of motion.

19. The structural mode shapes and frequencies can be obtained by two

distinct algorithms:

a. The determinant search method is used for small problems in
which the total stiffness matrix can be kept in the core of the
computer.

b. The subspace iteratio- method is used for large problems in
which only portions oi' the stiffness matrix can be retained in
the core of the computer.

A subspace iteration method was used to solve for the undamped natural fre-

quencies and mode shapes presented in this report.

Parameter Studies

20. The g-id for the FE model was developed by conducting parameter

studies of isolated nonoverflow, spillway, and intake monoliths. Modal anal-

yses were used to obtain appropriate FE grid sizes for each of the monoliths.

A compatible grid was found for all of the monoliths, thus making possible the

generation of the nodal and element data with the computer (Chiarito 1985).

Favorable results were obtained when modal analyses of each monolith using

uniform grids were compared with analyses using the grid for the entire three-

dimensional FE model. Figures 15 through 17 show typical sections of the

monoliths and the resulting three-dimensional. grids of each monolith. (The

resulting three-dimensional FE grid of the dam was shown previously in

Figure 2.)

21. Figure 15 shows the penstock tube opening in the intake monolith

* modeled as solid, or "smeared-hole," elements with 29 percent less stiffness

and density than the mass concrete. Modal analyses showed good agreement

• ,between a finer FE grid that included the penstock opening and the grid shown

in Figure 5 using solid elements.

*_ 22. Studies were also performed to obtain a suitable Winkler spring

-" representation of the foundation. Comparisons of two-dimensional and three-

dimensional FE dynamic analyses on the nonoverflow section using Winkler

springs with analyses using an FE foundation grid and a fixed foundation are

g presented in Appendix A.



Material Properties

23. The concrete properties used in the FE analyses were taken from

previous measurements on 6- by 12-in. concrete cylinders, as summarized in

Tables I through 3. The concrete samples tested in 1982 and 1984 were 5 and

17, respectively. Generally higher concrete strengths were measured in 1982

than in 1984; however, one cannot conclude that the concrete was stronger in

1982 than it was in 1984 because, statistically, not enough samples were

tested in 1982 to indicate any definite change in concrete strength between

"982 and '984. For example, the cylinder strengths for the 3-ksi design

strength concrete determined from the 2 samples tested in 1982 fell within one

sti...ard deviation of the 14 samples tested in 1984. This statistical infor-

-ation irdicates that if 14 concrete samples had been tested in 1982, the

i-vre of data would have been similar to the 1984 results.

4. Dv'yamic modulus of elasticity values used were 5.1 i06 psi for

e:erlor mass concrete and 4.26 . io6 psi for interior mass concrete. From

r&eious foundation tests, the dynamic elastic, modulus of the foundation used

6
to compute the spring constant was 6.05 X 10 psi, as discussed in Appendix A.

Using elastic theory, the average horizontal and vertical spring constant was

4 101 0 Lb'ft in the flexible base model (Timoshenko and Goodier 1970).

Element Types

25. Four element types were used to model the dam. Variable-number-

nodes (8 to 21 nodes) three-dimensional solid elements were used to model the

mass concrete of the nonoverflow, intake, and spillway monoliths (Bathe,

Wilson, and Peterson 1973). Plate elements were used to model the concrete

0 spillway piers, the concrete training walls at spillway monoliths 16 and 26,

" and the concrete deck of the spillway bridge. Beam elements were used to

". model the steel girders of the spillway bridge, and Winkler springs were used

along the base of the model in the flexible base analysis.

Boundary Conditions

26. By definition, only the X Y , and Z translations were defined

* on the three-dimensional thick-shell elements. All degrees of freedom were

10e-V N o'p
0•



deleted along the base of the model for the fixed base analysis. For the

*. flexible base analysis, the longitudinal (Y) translations and all rotations

were fixed along the base of the model. Except at the dam abutment interface,

horizontal and vertical springs were placed at all nodes on the base in the

X and Z directions.

27. In order to model the restraint due to the abutments, nodes along-
the two end sections (monoliths 1 and 32) had all degrees of freedom deleted

(i.e., nodes fixed). However, a few of the nodes had translational degrees

of freedom defined on the Georgia side for the model of the dam without

S reservoir. As was discussed previously, this abutment was not complete at the

time of the first vibration test.

28. For the model without reservoir, 5,127 and 5,609 degrees of freedom

were used for the fixed base and flexible base FE models, respectively. For
'

the model with reservoir, 5,100 and 5,582 degrees of freedom were used for the
fixed base and flexible base FE models, respectively.

Modeling of Added Mass

29. Concentrated masses were added at nodes thought to be in contact

with the reservoir to model the reservoir mass and the tainter gates. A con-

stant 49.6-ft-wide mass of reservoir was applied to the model with reservoir.

Studies (see Appendix C) showed that this constant width of reservoir added

the same amount of mass as a modified Westergaard (1933) analysis. A typical

nonoverflow monolith for the dam was analyzed with a constant 49.6-ft-wide

mass of reservoir. As discussed in Appendix C, the fundamental frequency

compared well with the result obtained from an approximate procedure by Chopra

(1978). The mass of the reservoir acting on the tainter gates and the mass of

* the gate was applied at the trunnion locations on the spillway piers.

4
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PART IV: FINITE ELEMENT MODEL RESULTS

Dam Without Reservoir

30. The three-dimensional shapes (eigenvectors) shown in Figures 18 and

19 include the first nine major bending modes of the dam crest computed from

the FE model with fixed base. At 7.7 Hz (eigenvector 2), the major response

is associated with the sidesway of the roadway and concrete spillway pier sys-

tem. The other eigenvectors show that the major responses of the dam are as-

sociated with bending of the dam perpendicular to the longitudinal axis of the

dam. The fifth eigenvector, at 10.4 Hz (i.e., the fourth bending mode of the

crest), is the shape computed by the FE analysis but not measured experimen-

tally. As mentioned previously, it is possible that the vibration exciters

were located at nodes of that mode shape during the first vibration test

(Chiarito and Mlakar 1983).

0 31. Previously, initial three-dimensional FE analyses were conducted

for the entire dam without reservoir (Chiarito 1985). The main differences

between the initial analyses and the latest analyses were that the initial

analyses did not model the training walls at monoliths 16 and 26 and had more

defined degrees of freedom at the dam abutment interfaces. Material proper-

ties were slightly different, and the initial analyses did not add the weight

of the tainter gates. The initial analyses had natural frequencies approxi-

mately 5 percent greater than the latest analyses.

32. Also, three-dimensional dynamic FE analyses were conducted on

isolated monoliths, and two-dimensional FE analyses were conducted on the

nonoverflow monolith. Foundation and reservoir effects were not included in

these analyses, and dynamic modulus of elasticity values were used. The fun-

damental frequencies calculated for the isolated nonoverflow, intake, and

spillway monoliths were 9.8 Hz, 6.9 Hz, and 11.3 Hz, respectively. These

results indicate that the intake sections are the most flexible part of the

dam and that the spillway monoliths are the stiffest part of the dam. Also,

the fundamental frequency for the two-dimensional analysis of the nonoverflow

section was 8.4 Hz. Previously, a two-dimensional analysis of the nonoverflow

section using a static modulus of elasticity estimated a fundamental frequency

of 7.63 Hz (Norman 1979).

033. The calculated fundamental frequency of the entire dam without

le 12
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reservoir was 7.1 Hz for a fixed foundation. This frequency was less than the

fundamental frequencies of the nonoverflow and spillway monoliths but slightly

more than the fundamental frequency of the intake monolith. As expected, the

intake sections increased the flexibility of the entire dam.

Dam With Reservoir

34. The three-dimensional shapes (eigenvectors) shown in Figures 20

and 21 are the first eight major bending modes of the dam crest and two mode

shapes associated with sidesway of the roadway and concrete spillway pier

system. These eigenvectors were calculated from the FE model with fixed

base. The eigenvectors not shown are also associated with sidesway of the

spillway pier system.

Comparisons of Dam With and

Without Reservoir

35. Tables 8 and 9 summarize results of the FE analyses with and with-

out reservoir for fixed and flexible bases, respectively. The FE mode shapes

with and without reservoir were compared using MAC. Most mode shapes compared

well, except at the higher frequencies. Figures 22 through 31 show the trend

toward poorer correlation among FE fixed and flexible base, mode shapes, with

and without reservoir, as the frequency increases.

36. As expected, the frequencies computed from the model of the dam

with reservoir were lower than from the model without reservoir. Table 6,

presented earlier, is a summary of the natural frequencies determined by

experiment and analysis.

13
I!
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PART V: COMPARISON OF FINITE ELEMENT
MODEL TO PROTOTYPE TEST RESULTS

Dam Without Reservoir

37. Comparisons of the dam crest mode shapes are shown in Figures 32

through 36. Note that the mode numbers correspond to bending modes of the dam

crest. As mentioned previously, the fourth mode was not measured experi-

mentally, but was determined analytically. Table 10 summarizes the results of

these analytical and experimental mode shape comparisons. Based upon the

results of the MAC values, the correlation between analytical and experimental

mode shapes was favorable. Overall, the model with a fixed base had slightly

better mode shape correlation than did the model with a flexible base, pos-

sibly because the base of thp dam was more rigid than modeled by the FE

flexible base analysis. For a qualitative comoarison, tho mode shapes all

0 appear to have the largest amplitude in the same general location on the crest

of the dam. The MAC does indicate quantitatively hew good the comparison is

among modes.

- 38. As shown in Table 6, the frequencies estimated by the FE models

were higher than frequencies measured experimentally (16 to 30 percent higher

-. for the FE fixed base model, and 9 to 18 percent higher for the flexible base

model). This is reasonable since the FE models are approximations of the dam

using a discrete number of degrees of freedom. The FE model in this case is

stiffer than the actual dam. The flexible base model estimated frequencies

closer to the experimentally measured frequencies than did the fixed base

model because foundation interaction decreases the frequency (Norman and Stone

1979).

* 39. Comparisons of the experimental mode shapes in cross section

with results from the FE model with fixed foundation are shown in Figures 37

through 56. Note that the frequencies of the cross-sectional modes correspond

with the crest modal frequencies. Table 11 summarizes the results. The cor-

relation between most mode shapes was favorable, and the governing mode shape

.. in cross section resembled the fundamental mode shape of a cantilever beam.

However, at the lower frequencies, the mode shapes for spillway monolith 22

(Figures 52 through 56) exhibited discontinuities at the bottom of the pier.

This is probably because the force input was not large enough to completely

14~
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excite the entire monolith at the lower frequencies. As noted previously, the

spillway monoliths are the stiffest part of the dam. From a three-dimensional

dynamic FE analysis of an isolated spillway monolith, the fundamental fre-

quency was 11.3 Hz. This is higher than the first four experimentally mea-

sured natural frequencies of the dam without reservoir (5.9 Hz to 8.2 Hz).

40. Comparisons of analytical mo- e shapes in cross section with a

design mode shape proposed by Chopra (1978) were conducted and are presented

in Appendix D. The results were favorable, indicating that the proposed

design mode shape is sufficiently accurate for design purposes.

Dam With Reservoir

41. Comparisons of the dam crest mode shapes are shown in Figures 57

through 61. Note that the mode numbers correspond to bending modes of the dam

crest. Table 12 summarizes the results of these comparisons. (The response

0 at monolith 22 was not used in computing the MAC because excessive local re-

sponses were recorded in test 2 at this monolith.) Crest mode shape correla-

tion between experiment and analysis was not as favorable as with the dam

without reservoir. The fixed model had higher MAC values than the flexible

base model for the first three modes, possibly because the prototype founda-

tion stiffness was greater than modeled in the FE flexible base analysis.

42. Various factors may have caused the low correlation between

"xperimental and analytical mode shapes. As discussed previously, errors in

the experimental mode shapes may be due partly to a force input that was not

large enough to completely excite the entire dam at the lower frequencies.

Also, a high degree of modal coupling (closely spaced resonance frequencies)

existed at a higher frequencies.

* 43. Furthermore, inadequacies in the FE model assumptions could have

produced a lower correlation between experimental and analytical mode shapes:

a. The modified Westergaard (1933) added mass concept to model the
reservoir effects may not be valid at the higher frequencies
(Bevins, Chiarito, and Hail, in preparation). Westergaard's method

0 .assumes that water is incompressible. This assumption is valid
when the forcing freque,.y is less than the natural frequoncy of
the dam/reservoir system, but for frequencies higher than this, the
method overestimates 'h. hydrodynamic effects (Chakrabarti
and Chopra 1974). Comparing FE results with and without reser-
voir, the FE analyses indicated that the percent reductions in
natural frequencies were greater for the higher modes. This is

,u -15
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inconsistent with the experimentai results, which indicated that
-. the first mode had the largest decrease in natural frequency due to

reservoir interaction.

b. The FE model did not include the effects of the added mass of the

soil at the abutments. The abutment of the Georgia side of the cam

was not complete at the time the first vibration test was made.

The additional soil during the second test might have caused a

slight increase in the stiffness of the structure at the Georgia-

side abutment.

c, Nonlinearitites due to joint slippige were not modeled.

44. Similar to the case of the dam wi_.hout reservoir, the frequencies

estimated by the FE models were higher than measured experimentally (7 to

17 percent higher for the FE fixed base model, and up to 8 percent higher for

,ne FE flexible base model). The flexible base model frequencies compared

oetter with the experiment then did the fixed base model frequencies because

foundation interaction reduces the calculated frequencies.

45 Comparisons of the experimental mode shapes in cross section with

results from the FE model with fixed foundation are shown in Figures 62

through 71. (Comparisons for monolith 22 were not made because only two ac-

celerometers were mounted on monolith 22). Note that the frequencies of the

" cross-sectional modes correspond with the crest modal frequencies. Table 13

summarizes the results. The correlation between most mode shapes was favor-

able, and the governing mode shape in cross section resembled the fundamental

. mode shape of a cantilever beam.

46. It should be noted that some dam crest experimental mode shapes

had better correlation with FE results of a different mode of vibration. The

-. fourth experimental mode shape at 7.5 Hz resembled a fourth normal mode of

9.vibration of a beam fixed at both ends (Harris and Crede 1961). However, this

mode shape had a better correlation with the third FE crest flexural mode.

Engineering judgment was used in interpreting the experimental mode at 7.5 Hz

as a fourth mode of vibration. However, it is possible that the experimental

modes exhibited measured local behavior not determined by the model. In this

way, the MAC can aid in illustrating complex responses not computed by the

model, but measured in the prototype test.
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PART VI: CONCLUSIONS

47. By visual inspection of the mode shapes with and without reservoir,

hydrodynamic interaction changed the mode shapes of the dam, with the largest

differences occurring at the ends of the dam. The dam's midsection had

similar responses with and without reservoir interaction; however, slight

shifts in the maximum response points towards the ends of the dam indicate

that hydrodynamic effects added mass to the dam's midsection. Various factors

could have caused fairly low correlations between experimental mode shapes for

the tests with and without reservoir. The force input was not large enough to

completely excite the entire structure at the lower frequencies, causing

scatter in estimates of the mode shapes. Ideally, two or more force inputs

would be better. Also, a high degree of modal coupling existed at the higher

frequencies, and the friction forces between monoliths may have been different

because the tests were conducted during different seasons.

48. The experimental natural frequencies were reduced by the hydro-

dynamic effects, with the percent change in the first mode the largest

(10. percent). With the exception of the fifth mode, the reservoir

impoundment had little effect on the damping estimates.

49. The hydrodynamic pressures measured in the second test with reser-

voir were close to the predicted values for the fundamental frequency (except

at elevation 430), and the pressure distribution was similar to distributions

measured at Pine Flat Dam (Rea, Liaw, and Chopra 1972). The theoretical hy-

drodynamic pressures were based on a two-dimensional response of an isolated

nonoverflow monolith (monolith 7). The fundamental mode shape of a cantiliver

beam was used to compute the theoretical pressure distribution. Because the

experimental and analytical cross-sectional mode shapes of the entire dam

resembled the fundamental mode shape of a cantilever beam, the use of a two-

dimensional model was valid for predicting the pressure distribution on this

nonoverflow monolith. Further pressure measurements and analyses would be

needed to confirm if the theoretical pressure distribution is valid for the

other parts of the dam.

50. Measurements from both tests at the relative joint motion arrays

indicated relative motions between monoliths. The nonlinear behavoir of the

dam is attributed primarily to the monoliths' joint behavior.

51. Despite a few experimental errors, no gross anomalies existed, and

17
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the dynamic properties determined are reasonable. It can be concluded that

the dam appears to be structurally sound as built.

52. Three-dimensional linear FE analyses have been compared with previ-

ous experimental estimates of the modal parameters of a concrete gravity dam.

* Using available dynamic material properties of the dam concrete and the foun-

dation, a three-dimensional FE model was successfully developed to estimate

,he linear elastic modal properties of the dam. The fourth mode shape was not

measured experimentally for the dam without reservoir, but was computed by the

, three-dimensional FE analyses.

53. The MAC was useful for evaluating the correlation between the ex-

perimental and the FE mode shapes. Favorable correlations of the crest mode

shapes were computed for the dam without reservoir, indicating that a reason-

able three-dimensional FE model was developed for computing the first three

natural modes of vibrations. Various factors may have caused a lower cor-

relation between the experimental and analytical crest mode shapes for the dam

with reservoir. Low force input at lower frequencies caused poorer estimates

in experimental mode shapes at certain locations, and a high degree of modal

. coupli'ng existed at the higher frequencies. The effects of the soil-darm in-

teraction at the abutments and the reservoir effects may not have been modeled

adequately. Also, nonlinearities due to joint slippage were not modeled. The

correlation between most cross-sectional shapes was favorable, and the govern-

ing mode shape in cross section resembled the fundamental mode shape of a

* cantilever beam.

54. It has been shown that a proposed design cross-sectional mode shape

* by Chopra (1978) is sufficiently accurate for design purposes. Chopra pre-

sents a simplified analysis procedure for computing stresses due to earthquake

ground motion in the horizontal direction. The simplified procedure uses the

* fundamental mode of vibration of a two-dimensional model of the dam. The

design mode shape resembles the fundamental mode shape of a cantilever beam.

As discussed by Chopra, the response of concrete gravity dams to earthquake

*" ground motion is primarily due to the fundamental mode of vibration. The

xier.ctmental cross-sectional mode shapes of the entire dam resembled Chopra's

de.3gn mode shape (i.e. the fundamental mode shape of a cantilever beam).

Further studies would have to be performed to determine the validity of

* Q2hopri's method versus the analysis of the entire dam. These further studies

-oull compare the stresses from the analysis of the entire dam with the

18
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stresses from Chopra's simpified procedure.

55. Analyses of isolated nonoverflow, intake, and spillway monoliths

were useful because they showed the relative stiffness of the parts of the

dam. The calculated fundamental frequencies of the isolated monolithsN.'-" indicated that the intake sections were the most flexible part of the dam and

that the spillway monoliths were the stiffest part of the dam. Furthermore,

the calculated fundamental frequency (7.1 Hz) of the entire dam without

reservoir for a fixed foundation was less than the fundamental frequencies

of the nonoverflow and spillway monoliths (9.8 Hz and 11.3 Hz, respectively)

but slightly more than the fundamental frequency of the intake monolith

(6.9 Hz). It can be concluded from these analyses that the intake sections

increased the flexibility of the entire dam.

56. The three-dimensional analyses estimated frequencies up to 30 per-

cent higher than those measured experimentally. This is reasonable since the

FE models are an approximation of the dam using a discrete number of degrees

* of freedom. Due to foundation interaction, the FE mode with flexible foun-

dation predicted natural frequencies closer to the experimentally measured

values than did the FE model with rigid foundation.

57. In general, it appears that three-dimensional linear FE analyses

can give a good estimate of the natural frequencies of concrete gravity dams

with or without reservoir effects. The FE analyses can adequately estimate

the bending mode shapes of concrete gravity dams without reservoir impound-

ment. These analyses can adequately estimate the bending mode shapes of con-

crete gravity dams with reservoir if the reservoir effects are appropriately
IS.

-
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PART VII: RECOMMENDATIONS FOR FURTHER STUDY

58. The effects of the hydrodynamic interaction should be studied

further. Additional analyses could be performed using a more appropriate

distribution of added masses due to reservoir impoundment. The added mass

t*,- distribution should be consistent with results from the latest research on

hydrodynamic interaction. Possibly a better correlation would then be

achieved between analysis and the prototype test with reservoir impoundment.
| ."-.

59. Other refinements in the FE analysis should include more accurate

modeling of soil-structure interaction and a model for the joint slippage

between monoliths.
60. Studies should be performed on the data collected measuring the

"- movement of the dam before and after reservoir impoundment. This would give

an estimate of the flexibility of the interacting dam-foundation system.

61. Further pressure measurements and analyses would be needed to

confirm if the theoretical pressure distribution (Fenves and Chopra 1986) is

valid for the entire dam. Also further studies would have to be performed to

'-' -determine the validity of Chopra's simplified method of analysis (Chopra 1978)

versus the analysis of the entire dam. These further studies would compare

the stresses from the analysis of the entire dam with the stresses from

Chopra's simplified procedure.

.20

p-;,

." 20



REFERENCES

Allemang, R. J., and Brown, D. L. 1982 (Nov). "A Correlation Coefficient for
Modal Vector Analysis," Proceedings of the 1st Interactional Modal Analysis

4Conference, pp 110-116.

Bathe, K. J., Wilson, E. L., and Peterson, F. E. 1973. "SAPIV: A Structural
Analysis Program for Static and Dynamic Response of Linear Systems," Univer-
sity of California, Earthquake Engineering Research Center, Richmond, Calif.

Bevins, Tommy L., Chiarito, Vincent P., and Hall, Robert L. "Vibration Test

of Richard B. Russell Concrete Dam After Reservoir Impoundment," Technical
Report SL-87- , in preparation, US Army Engineer Waterways Experiment

%% Station, Vicksburg, Miss.

Chakrabarti, P., and Chopra, Anil K. 1974 (June). "Hydrodynamic Effects in

Earthquake Response of Gravity Dams," Journal of the Structures Divi-

sion, American Society of Civil Engineers, Vol 100, No. ST6, pp 1211-1224.

Chiarito, Vincent P. 1985 (Jan). "Linear Finite Element Comparison with
Experimental Modal Analysis for a Concrete Gravity Dam," Proceedings of the

Third International Modal Analysis Conference, Vol 1, pp 59-65.

Chiarito, Vincent P., and Mlakar, Paul F. 1983. "Vibration Test of Richard
* B. Russell Concrete Dam Before Reservoir Impoundment," Technicai Report

SL-83-2, US Army Engineer Waterways Experiment Station, Vicksburg, Miss.

.. Chopra, Anil K. 1978. "Earthquake Resistant Design of Concrete Gravity

Dams," Journal of the Structural Division, American Society of Civil Engi-
- neers Vol 104, No. ST6, pp 953-971.

Fenves, Gregory, and Chopra, Anil K. 1986. "Simplified Analysis for Earth-

quake Resistant Design of Concrete Gravity Dams," Report No. EERC-85/10,

University of California, Berkeley, Calif.

Harris, C. N., and Crede, C. E., ed. 1961. Shock and Vibration Handbook,

McGraw-Hill, New York.

Norman, C. Dean. 1979. "Earthquake Analysis of the Modified Geometry of the
.orcrete Nonoverflow Section, Richard B. Dam," Technical Report SL-79- 4. US
Army Engineer Waterways Experiment Station, Vicksburg, Miss.

Norman, C. Dean, and Stone, Harry E. 1979. "Earthquake Analysis of the
Gravity Dam Monoliths of the Richard B. Russell Dam," Technical Feport

* SL-79-8, US Army Engineer Waterways Experiment Station, Vicksburg, Miss.

Rea, D., Liaw, C. Y., and Chopra, Anil K. 1972. "Dynamic Properties of Pine
Flat Dam," Report No. EERC-72/7, University of California, Berkeley Calif.

Timoshenko, S. P., and Goodier, J. N. 1970. Theory of Elasticity, 3d ed.,
McGraw-Hill, New York.

Westergaard, H. M. 1933. "Water Pressure on Dams During Earthquakes,"
rnsactions, American Society of Civil Engineers, Vol 98, pp 418-!433.

~estegaard



Table 1

Results from Uniaxial Compression lest

Initial
Elastic Uniaxial

Concrete Compressive Date

Cylinder Poisson's Modulus Strength Cast Date*

No. Ratio 106 psi ksi 1981 Tested

4 ksi Design Strength Concrete

5,037 0.21 4.67 6.36 5 Mar

5,811 0.24 4.12 4.97 10 Jul 2

3 ksi Design Strength Concrete

5,464 0.18 4.51 5.68 8 May 1

5,765 0.16 3.45 5.20 2 Jul 2

5,4 6 8  o.16 3.76 4.55 9 May

5,563 0.18 3.96 4.95 29 May

5,735 0.16 4.09 4.85 26 Jun

6,112 0.16 4.90 6.16 19 Sep

6,140 0.19 4.45 5.22 25 Sep

5,166 0.20 4.91 5.86 20 Mar 1
5,512 0.16 3.70 4.81 14 May 2

5,655 0.13 3.92 5.25 12 Jun

5,708 0.15 4.12 4.81 19 Jun

* 5,214 o.16 4.02 4.72 25 Mar

5,519 0.18 4.46 5.11 15 May

- 6,016 0.15 4.22 6.30 27 Aug

" 6,083 0.18 4.92 7.27 11 Sep

6,187 0.13 3.24 3.87 1 Oct

2 ksi Design Strength Concrete

4,954 0.20 3.44 3.45 25 Feb 1

" 5,833 0.19 3.50 3.40 17 Jul 1

4,993 o.18 3.45 3.13 28 Feb 2

5,993 0.18 2.63 3.17 21 Aug 2

1 1 6 May 1982, 2 27 Aug 1984.



Table 2

Initial Elastic Concrete Modulus

CylinderEstatic Edynamic Percent Date*
No. 10 psi x 106 psi* Increase Tested

4 ksi Design Strength Concrete

5,037 4.67 5.59 20 1
5,811 4.12 4.61 12 2

16 Average

3 ksi Design Strength Concrete

5,765 3.45 4.72 72 2
5,468 3.76 4.48 19
5,563 3.96 4.63 17
5,735 4.09 4.72 15
6,112 4.90 5.64 15

* 6,140 4.45 4.92 11
5,512 3.70 5.34 44
5,655 3.92 4.81 23
5,708 4.12 4.77 16
5,214 4.02 5.08 26
5,519 4.46 5.08 14

6,016 4.22 5.48 30
A 6,083 4.92 5.73 166,187 3.24 4.92 52

5,464 4.51 5.43 20 1
5,166 4.91 5.81 18 1

23 Average

2 ksi Design Strength Concrete

4,993 3.45 3.85 12 2
5,993 2.63 4.09 56 2
4,954 3.44 4.54 32 1
5,833 3.50 4.54 29 1

32 Average

* 1 6 May 1982, 2 27 Aug 1984.
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4, Table 4

Dynamic Modulus of Elasticity of

Rock Core Samples

r.- Modulus of Elasticity x 106 psi
Static

'. (Initial
Tangent) Dynamic*

7.14 0.54t
5.20 5.78
12.90 0.40t
5.20 7.43
13.79 1.05t
3.18 3.90
5.97 0.24t

7 sample average 7.63 9.60 (estimate)

3 sample average 4.53 5.70

:0

-. The dynamic modulus was estimated from the three-sample average by apply-
ing the same ratio of dynamic to static modulus.

"" 5.70

9.60 - 7.63

t Not used in average. Sample contained healed fractures that probably

interfered with frequency reading.

Table 5

Experimental Damping Estimates Before and After

Reservoir Impoundment

Damping Damping
Crest Before After
Mode Impoundment Impoundment
No. percent percent

. 1 4.29 4.41

V 2 2.07 2.76

3 3.11 3.69

4 Not measured 1.52

5 5.16 2.90

-0
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Table 6

Summary of Experimental and Analytical Frequencies, Hz

Finite Element Finite Element
Prototype Analysis Without Prototype Analysis With

Crest Vibration Test Reservoir Vibration Test Reservoir
Mode Without Fixed Flexible With Fixed Flexible
No. Reservoir Base Base Reservoir Base Base

1 5.9 7.1 6.6 5.3 6.2 5.7

2 6.8 7.9 7.4 6.2 6.8 6.4

3 7.6 9.3 8.7 7.3 7.8 7.3

4 Not measured 10.4 9.6 7.5 8.2 7.6

5 8.2 10.7 10.0 8.1 8.7 8.0

Table 7
Experimental Mode Shape Comparisons

Prototype Protype
Vibration Test Vibration Test

Crest Without With
Mode Reservoir Reservoir
No. Frequency Hz Frequency, Hz MAC*

1 5.9 5.3 0.16

2 6.8 6.2 0.20

3 7.6 7.3 0.49

11Not measured 7.5 N/A

5 8.2 8.1 0.02

*Modal Assuranc e Criterion.
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Table 8

Finite Element Fixed Base Mode Shape Comparisons

Analysis Analysis
Crest Without With
Mode Reservoir Reservoir
No. Frequency, Hz Frequency, Hz MAC*

1 7.1 6.2 1.00

2 7.9 6.8 0.99

3 9.3 7.8 0.96

4 10.4 8.2 0.38

5 10.7 8.7 0.30

* Modal Assurance Criterion.

.4

Table 9

Finite Element Flexible Base Mode Shape Comparisons

Analysis Analysis
Crest Without With
Mode Reservoir Reservoir

P No. Frequency, Hz Frequency, Hz MAC*

1 6.6 5.7 1.00

2 7.4 6.4 1.00

3 8.7 7.3 0.91

4 9.6 7.6 0.96
5 10.0 8.0 0.83

* Modal Assurance Criterion.

4.2
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Table 10
Crest Mode Comparisons - Dam Without Reservoir

(Experiment versus Analysis)

Prototype Three-Dimensional Finite Element Analyses
Crest Vibration Fixed Flexible
Mode Test Base Base
No. Frequency, Hz Frequency, Hz MAC* Frequency, Hz MAC*

- 1 5.9 7.1 0.73 6.6 0.74

2 6.8 7.9 0.63 7.4 0.63

3 7.6 9.3 0.64 8.7 0.61

4 Not measured 10.4 -- 9.6 --

5 8.2 10.7 0.41 10.0 0.13

* Modal Assurance Criterion.

Table 11

Cross Section Comparisons Without Reservoir

(Experiment versus Analysis)

Crest Finite Element Modal Assurance Criterion
Mode Experimental Fixed Base Monolith Monolith Monolith
No. Frequency, Hz Frequency, Hz 7 16 22

1 5.9 7.1 0.73 0.37 0.00

2 6.8 7.9 0.40 0.74 0.00

3 7.6 9.3 0.73 0.94 0.47

4 Not measured 10.4 -- -- --

5 8.2 10.7 0.72 0.79 0.84
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Table 12

Crest Mode Comparisors - Dam With Reservoir

(Experiment versus Analysis

Prototype Three-Dimensional Finite Element Analyses
*Crest Vibration Fixed Flexible
*Mode Test Base Base

No. Frequency, Hz Frequency Hz MAC* Frequency, Hz MAC*

1 5.3 6.2 0.20 5.7 0.19

*2 6.2 6.8 0.44 6.4 0.38

-. 3 7.3 7.8 0.63 7.3 0.51

47.5 8.2 0.15 7.6 0.36

5 8.1 8.7 0.09 8.0 0.33

*Modal Assurance Criterion.

Table 13

Cross-Section Comparisons With Reservoir

I (Experiment versus Analysis)

Crest Finite Element Modal Assurance
*Mode Experimental Fixed Base Monolith Monolith

No. Frequency, Hz Frequency, Hz 7 76____

*5.3 6.2 0.73

26.2 6.8 0.81 0.9

3 7.3 7.8 0.49 0.92

4 7.5 8.2 0.53 0.89

I58.1 8.7 0.54 8
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Figure 3. Crest accelerometer locations for test 1
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Figure 4. Crest accelerometer locations for test 2

.-



-U - i, a v -r-va.-IWTW VI 1

4-I I

cc -

>0

Z (n
0  V)

0 0

-* LA

LjLj

.-

'10

taj 
_/

W / 0

-Jo II <- C)

W7 CC
D, 0

C'a) Lo n Lo LoC)C
-f Nl U) C

0

LCO

a C14

-4 -4

ILI

-A L k ~ L L

r%. r r %
% % %



-.4 -.1 -J *-J w. 4-

CN

0 0 -

0 0 w Z 0

0
0) 0

-4 -4 0

0

U,,

Cl

-. L * Z *
0O LOVJia

-IJ Xw Cc- I0

66 -Ji "n 0

IJ L)0) zr
U EU-v r

< L0

a)4- -4 4-)

C)

-. 4

N 'p. (4 -'4

-- LU NA
-4 ca

00

T Lj '0 0

W L

-C.j



TES T 2

ONL Y

SOUTH CAROLINA NY 1AD2

32 7

00

02
.1~.28

02

----- 12

LEEN

25 24_ 2318 ! _1 1

ACELRMEE

UPTEMELVTO

Fiur 7. Rltv on'oinIceeoee oain

for tsts 1and

0.8

43;

_ __40-

5 -00 ____ ____ ___ EGEN

2~_ - 1 1 - W 4

-0.40 QU 0

-0.8 LEEGEND~

TFIT NI' P~APIlqI

0 0 6 08 10

NrPI-SD E(-T



W- wi qr. l w - u - v v

MONOLITHS

7 16 22

0 80 _

0 . I

9, ',

h 1 ' -9lL

N a3,- -. a ;

I1 v 0 "I

;I 4

S-040

• LEGEND
-"'- TEST WITHOUT RESERVOIR (68 HZ)

0 .... -O TEST WITH RESERVOIR 162 HZ)

0.-." 0.20 0.40 0.60 0.80 1 00
'' NORMALIZED LENGTH

__ -__
.

_

Figure Experimental mode shape 2 comparisons

IAna-

.a..-,

/ -S



* MONOLITHS

7 16 22

jU

< 0

0

S 04

-J-

LEG END
-OTEST WITHOUT RESERVOIR (76 HZi

------4 TEST WITH RESERVOIR (7 3 HZ,

0 02 04 0.6 0.8 1 0

NORMALIZED LENGTH

Figure 10. Experime-ntal mode shape 3comparisons



I

MONOLI
T HS

7 16 22I I I

08 _

04 ___ _ _

N 0

0

- -J

z

-0.4 __ _

r.'-. ILEGEND

0----O TEST WITH RESERVOIR (7 5 HZ),"'. ~ ~-08- --

(MODE NOT MEASURED IN TEST

WITHOUT RESERVOIR)

0 02 04 0.6 0.8 1.0

NORMALIZED LENGTH

Figure 11. Experimental mode shape 4 comparisons

p.



MONOLITHS

7 16 22

II I II

LEGEND

O- TEST WITHOUT RESERVOIR (8 2 HZ)

08 ------ TEST WITH RESERVOIR (81 HZ) -

04 -

I / i t-' • \ C 'I I l "..

-- ,I

a Ia1:

-. I I a

I 
,

I a

•I a 1 J 1

z

002 04 06 08 1 0

,'- NORMALIZED LENGTH

Figure 12. Experimental mode shape 5 comparisons

-04

-I.

"I%

-0 -

iV% " . l ! " I 
I l 4 . I %"l i I"%"" ~ l -- 1 1""% %-Il% -ilj"%Ii" "I1 . .

.= ."_"_"_ _._ _"."_ _._ _ _ _ _ _ _ _ _ _'_." ." ." ." ." ." . . . . _-" ." ." _ _"_" _ " " ._ ,_ _,,__ _,, _

0.. .. . .. ... . . 0-2. ... .,.. . . ,., .04.0 08, c 10,.,,:, .. ,,,
- NOI I e lli

I
: i!I l l , / / ; " : : RA IE LENG, - : :TH l



4L

0 C) E
C

U4-

CA

crw

0n LL C

U

DC

0 %J



0.8 LEGEND

E EX PE RI MENTA L

% - ANALN TICAL E, 2.5 X 10' PSI
& --- A ANALYTICAL E 41.0 X 100 PSI

0 06

04

0

0

00.0010 00020 0.0030 0 0040 0 005C,
PRESSURE. PSI

Figure 114. Comparisons of experimentally measured and
theoretical hydrodynamic pressures

S.

'I.

.1 O fP r w-"P'.

%



LL

* 0

0
c~

0

c; QC 0

1-4

LLJ z

co 0

IAJ CC

600

XV

60 C.0

oA -,f



LAJ

LQU

-4 U-

cr

0

0
'4- 0

EE

N CL

00

rzf
.4. -~I -ku

4i LCJ

.4.,



r --.-r WV W - -

Lai)

-JJ Lt.

-- j-<

L-W -

C-,

NLL 00 0 I ~
L~~~~~j- UJJ L4jLj JLSS JI J

0L~
-J



EIC NVECTOR NO. 1. 7.1 Hz (CREST MODE NO. 1)

EIGENVECTOR NO. 2, 7.7 Hz

ESEVCO NO 3_.9Hz(CETOD___ 2

EIEVC O 4,.3 Hz (CETMDEN.3

EIGENVECTOR NO. , 70.9 Hz (CREST MODE NO. 2)

-% %

%/'



EIGENVECTOR NO. 6, 10.7 Hz (CREST MODE NO. 5)

EIGENVECTOR NO. 8, 11.3 Hz (CREST MODE NO. 6)

0

. . . . . .. . . . .. - - - - - - - - - - -- - - - - - - - - - - - - - - . :

. . . . . . . . . .. . . . . . . . . . . ..

EIGENVECTOR NO. 9, 11.7 Hz (CREST MODE NO. 7)

" I ,TV:.... - ".- . .::

EIGENVECTOR NO. 11, 12 .3 Hz (CREST MODE NO. 8)

I

EIGENVECTOR NO. 14, 13.5 Hz (CREST MODE NO. 9)

Figure 19. Eigenvectors Nos. 6, 8, 9, 11, and 14 from FE model
4 without reservoir and with fixed base

%

--. ,= .



EIGENVECTOR NO. 1, 6.2 Hz (CREST MODE NO. 1

.wA EIGENVECTOR NO. 2, 6.3 Hz

EIGENVECTOR NO. 3,6.6 Hz

S.. ~7

EIGENVECTOR No, 11, 6.8 Hz (CREST MODE NO. 2)

EIGENVECTOR NO. 14, 7.8 Hz (CREST MODE NO. 3)

Figure 20. Eigenvectors Nos. 1, 2, 3, 11, and 1~4 from FE model
with reservoir and fixed base

% %%

CSjA 4 EA



EIGENVECTOR NO. 16, 8.2 Hz (CREST MODE NO0. 4)

4-

EIGENVECTOR NO. 1, 8,7 Hz (CREST MODE NO. 5)

EIGEvECTR N. 1997H CES OEN.7

EIGENVECTOR NO. 1, 90.0 Hz (CREST MODE NO. 6)

Figure,- 21 Eieve r No.1-0fo Emdlwt

reevi and : fixd as

%~~ ~ ~ %

le pe, I . .



.p

I?

MONOLITHS

7 16 22
.. II I

LEGEND

0.80 10 F E FIXED BASE WI'HOUT
RESERVOIR k7 1 HZ,

, F E FIXED BASE WIT4
RESERVOIR t67 HZ.

0

S 0.40F__ - -

- 1- I I
z

0 4

-0 20

0 0.20 0.40 0.60 0.80 1.00

NORMALIZED LENGTl-H

Figure 22. FE fixed base model mode shape 1 comparisons

4

I



MONO LiTH~S

716 22

0.80- 4

0

0

-0.40 -

LEGEND
0 F E i XLD BA'-L v%,

-080 -. ________ RESERVOIR 7 -

0 F E FIXED BASE WV.'-

RESERVOIR4 H Z

S0 0 20 040 060 080 1 00

NODRMAL!=E LENG'H

Figure 23. FE fixed base model mode shape 2 comparisons

0%



MONOLITHS

16 2 2

I - - -1 I

LEGEND

%, 1__ _ F E FIXED BASE WITHOUT
RESERVOIR ,9 3 HZ,

0 F E FIXED BASE WITH
RESERVOiR r7 8 HZ,

0.40 _ - _ _2_

N on

iA

- 0 a0
<

.1 3
,_. -0.40_ ___

-0.80 3 /

0 0 10 0.20 0.30 0.40 0.50 0.60 0.70 ).80 090 1.00

NORMALIZED LENGTH

Figure 24. FE fixed base model mode shape 3 compat isons

%

4do



i ..-.- .~- -. , .- •I - -.-. nw-'- wr-. Z ---.. ---- W--rw-rr. w.- w . .. -.- - -1 p. - .. -p . .-. r.j .- . - -. W *T -r 'iF

MONOLITHS
7 16 22

, * I

LEGEND

0.80 0 F E FIXED BASE WITHOUT
RESERVOIR (104 HZ)

* F E FIXED BASE WITH
RESERVOIR (8 2 HZ)

0.40 ________ ____ ____ ____ ___ _

4 0@
-. -- __ _ __ ___. _ _

0 0 b o

C1

0 - - -o-

_-, S
S000

-000

0A 0 1

-0 80 0 20 00.0.00

0 0 20 040 0.60 0.80 1.00

NORMALIZED LENGTH

Figure 25. FE fixed base model mode shape 4 comparisons

.,

Z/ ***e elz ,



MONOLITHS

7 16 22

13 I

0.80 gO

00

0 - __________

0 0O S

0e

-040

LEGEND

0 F E FIXED BASE WITHOUT

-0o80 RESERVOIR 10 7 HZi____ ___ ____ ___

49FE FIXED BASE WITH _________ _________I_____ ____

0 0.20 0.40 0.60 0.80 1.00

NORMALIZED LENGTH

Figure 26. FE fixed base model mode shape 5 comparisons

0%



MONOLITHS

7 16 22

LEG END
0.80 M 0 F.E. FLEXIBLE BASE WITHOUT

RESERVOIR 16.6 HZ)

0 F.E. FLEXIBLE BASE WITH

LU RESERVOIR 15.7 HZ)

0

LUU

N 0.40
<0

0 __ IN_, _ 4F-6 _

-0,20_____ _ _ __ _

0 0.20 0.40 0.60 0.80 1.00

NORMALIZED LENGTH

Figure 27. FE flexible base model mode shape I comparisons

0%

altz



MONOLITHS

7 16 22

7

__ LEGEND
0.80 -0 F.E. FLEXIBLE BASE WITHOUT

* RESERVOIR 7.4 HZ)
0,

o *i 0 F.E. FLEXIBLE BASE WITH
RESERVOIR (6.4 HZ)

0.40
0
0

0
uJ

* C

a

C1,

z

-040 ----- ____

0

-0.80 - _

0 0.20 0.40 0.60 0.80 1.00

NORMALIZED LENGTH

Figure 28. FE flexible base model mode shape 2 comparisons

% W"P- r I



.. '

-I

.1
MONOLITHS

7 16 22

0.80

LEGEND

- - _ 0 o FIE. FLEXIBLE BASE WITHOUT
RESERVOIR ;8.7 HZ)

i F E FLEXIBLE BASE WITH

i -/RESERVOIR (7 3 (HZ)
040 -

T '

00
0

0 0 r
-, C ,

N- - - -- , ------___-

I < 0

0 -. 4
0

0!

3 0

Z -0.80 -4---- 0 I

S0 0.20 0.40 0.60 080 1 00

NORMALIZED LENGTH

Figure 29. FE flexible base model mode shape 3 comparisons
•S%

tD

-o8 S
4-a.

4.P3'

0 i
o a

' *o %
'.. .. a J .* .a a.. 0. ,a a a ..20 0.4 0.60 080 a.O



16 2?

0 0
080 0

00

00

00

Z -040 01

0

-0.80 1___ _ + -10----______ -- ~
LEGEND

o1 F E. FLEXIBLE BASE WITHOUT 0 C1

RESERVOIR 19.6 HZ) C3

*F E F LEX IBLE BASE WITH
RESERVOIR (7 6 HZ)

0 0 0.40 0.60 080 1 00

NORMALIZED LENGTH

Figure 30. FE flexible base model mode shape ~4 comparisons

i%

VI. VAik 6



MONOLITHS

716 22

LEGEND

080 -0 F.E FLEXIBLE BASE WITHOUT - 4
RESERVOIR (10.0 HZ)

* F.E. FLEXIBLE BASE WITH
RESERVOIR (8.0 HZ)

* ~~~040 ------ I

00

*0 0 o

~Z 0

S 0

0 Do

a 0

-040 0
0

0 * 0

0

0 0.20 0.40 0.60 0.80 1.00

NORMALIZED LENGTH

Figure 31. FE flexible base model mode shape 5 comparisons



- -~-----~w- -w- -r:W ~ ~V'~'~ W ~ . F' ~ 3 'J.K Wh h' .

MONOLITHS
7 16 22

LEGEND

1. EXPERIMENT (5.9 HZ)

O- O F.E. FIXED BASE (7.1 HZ)

SF.E. FLEXIBLE BASE (6.6 HZ)

08 _ _ _ _ _ _ _ _

0

0,4

0

-0.4 U --

0 o,_04_._08_.

NOMLZDDMLNT

Fiue3. Aayia n xeietlcetmd hp oprsn

0o dam wihutrsevi

U%
.0 -.



MONOLITHS

7 16 22

0.8

0.4_______ _

LUU

0 4

LEGEND

a EXPERIMENT (6,8 HZ)
-0.8 0 --- 0 F.E. FIXED BASE (7.9 HZ)

/ 6-6F.E. FLEXIBLE BASE (7.4 HZ)

*0 0.2 04 0.6 0.8 1.0

NORMALIZED DAM LENGTH

-Figure 33. Analytical and experimental crest mode shape 2 comparisons
for dam without reservoir

0 ~

%0



MONOLITHS

7 16 22

08I
08 LEGEND

a EXPERIMENT (7.6 HZ)

-- OF.E. FIXED BASE (9.3 HZ)

0.4-- 
F.E. FLEXIBLE IBASE (8.7 HZ)

0

LU

z -0.4 s/

-0.8.____ ___ _

-1.2 1_ _ _ __ _ _ _ _ _ _ _ _ _

0 0.2 0.4 0.6 0.8 1.0

NORMALIZED DAM LENGTH

~ ~-Figure 34. Analytical and experimental crest mode shape 3comparisons
for darn without reservoir

"W !M. .a"S kxrl



-7-W

MONOLITHS

-~7 16 22

LEGEND''

U- 4F.E. FIXED BASE (10.4 HZ)

0.3~ - FE. FLEXIBLE BASE (9.6 HZ)

MODE NOT MEASURED
EXPERIMENTALLY)

-0.4 __ _

-0.

%0 0 2 04 0.6 08 1.0
NORMALIZED DAM LENGTH

Figure 35. Analytical crest mode shape L~comparisons
for dam without reservoir

%



n-- Lw JA (- HAS l4Z

A0..

LU
1 ND

%CH AUE' DAM --E-. -

Z" Z

I ___

i i

I____ ____ :

A iir 6 'ayia.d ~eirna crst ioeshpiicmarin

fo P .. -o2 esrviI.,

I

,%* * * ~ - *'

'%. . *-

I* .
-,-. % .~



EL 495 1

08U

1 06

T

o) 0 4
z

02

LEGEND
a EXPERIMENT (59 HZ)

-@F E FIXED BASE 17 1 HZ)

EL 3880

0 04 08 1.2 1 6 20
NORMALIZED MODE

Figure 37. Cross-sectional mode shape 1 comparisons for,
monolith 7, upstream face, dam t~ithout reservoir

W*

I 5



EL 495 10 _1_I_ __ __

08

UiUI 06

~004
z

02

* LEGEND
a EXPERIMENT (68 HZ)

,.,.F.E FIXED BASE (7 9 H Z)

EL 388 1

-0.2 0 02 06 10 14 18S- 
NORMALIZED MODE

Figure 38. Cross-sectional mode shape 2 comparisons for
monolith 7, upstream face, dam without reservoir

ow0

V% %

%--. "



EL 495

08 -

0

UU-, , 1 06

Uj

0 04w

z

02

''"t a LEGEND

,% /a EXPERIMENT (76 HZ)

-0-0 F.E FIXED BASE (9 3 HZ)
•"EL 3881

" 0 02 04 0.6 0.8 1.0

F,, NORMALIZED MODE

IP%,Figure 39. Cross-sectional mode shape 3 comparisons for
~monolith 7, upstream face, dam without reservoir

!z

Pr

=4

!0

LEGEN
-p,

U XEIEN,7 Z

-SFEFXDBS 9 Z



EL 495
1 0

08

I06
I0

02

LEEN

0

40 02 0.4 0.6 0.8 1.0
NORMALIZED MODE

Figure 40O. Cross-sectional mode shape i4 for monolith 7,
upstream face, dam without reservoir



.4.

EL 495 0~10I

08

"r U
& 6

0 04 -
I

02

" N

©04

02

a LEGEND
a EXPERIMENT (8.2 HZ)

*F.E. FIXED BASE (10.7 HZ)

EL 388
0

0 0.2 04 06 0.8 1 0

NORMALIZED MODE

Figure 41. Cross-sectional mode shape 5 comparisons for
monolith 7, upstream face, dam without reservoir

-% N
[GV



EL 49 1 0 111 
7

08

40 "

zU

02

A.
-S.

4 

LEGEND

0- 0 F E. FIXED BASE (7 1 HZ)

EL 40?

.=

04 0 06 08'.-

iI

NRLZ M E F

~Figure 42. Cross-sectional mode shape 1 comparisons for
~monolit 7, downstream face, dam without reservoir

.0s 
e



EL 495 o

08

-- 06

0
LU

* N

.'.. o 04

, LEGEND

*.- F FIXED BASE (79 HZ)

. ., ~EL 401 ||[
i0

.. 0 02 04 06 08 10

NORMALIZED MODE

•. Figure 43. Cross-sectional mode shape 2 comparisons for
-' monolith 7, downstream face, dam without reservoitr

!::::

00.

VI

LEEN

a4 EXEIMN (6 HZ)



EL 495

10 8 ~T

t'"

06

LAJ

N
_j

0 04z

02

LEGEND
S EXPERIMENT (7 6 HZ)

F- FE FIXED BASE (93 HZ)

EL 401

,02 04 06 08 10 I
Figure 4J4. Cross-sectional mode shape 3 comparisons for

monolith 7, downstream face, dam without reservoir

-I



r ~ ~ ~ ~ E 495 . . 11-t W%1 W. L W U 9 ~ S ~ . r W .: ~r

1 0

08

06

N

0 04
z

02

LEGEND
-4F E FIXED BASE (10 4 HZ)

(NOT MEASURED EXPERIMENTALLY)

EL 40111

0 02 04 06 08 1 0

NORMALIZED MODE

Figure 45. Cross-sectional mode shape 14 comparisons for
monolith 7, downstream face, dam without reservoir

K V'
6



EL 495
1 -10

08

~0.6

02

0

.%

•LEGEND

S02 04 06 08 10EL. 41 -4FE FIXED BASE 1!07 HZ)

S,,NORMALIZED MODE

Figure 46. Cross-sectional mode shape 5 comparisons for
monolith 7, downstream face, dam without reservoir

.



EL 495
-10

08

S06
(3

04

z

.5.5 02

'S. LEGEND

U EXPERIMENT (59 HZ)
-@F.E. FIXED BASE (7 1 HZ)

5~. EL. 305
.J-. 0

-04 0 04 08 1 21..1.6

NORMALIZED MODE

Figure 47. Cross-sectional mode shape 1 comparisons for
monolith 16, dmwithout reservoir

..0.. 4 4



EL 495

08

UjU

084
zU

02

*o L

-0 00204101
NOMLZDMD

0? ue4.Cossetoa oesae oprsn o

monoith 6, dm wihouLEGENDoi



EL 495
10

I06
(3

N

0 04z

-, 02 .

LEGEND

U EXPERIMENT (7 6 HZ)

F- FE FIXED BASE (9 3 HZ)

EL 3051

0 04 08 1 2 16 20

NORMALIZED MODE

Figure 49. Cross-sectional mode shape 3 comparisons for
monolith 16, dami without reservoir

%-. %5555 % % p



EL 495
1 0 T

* 08--

4 06

W
T

N

C04

02h

LEGEND
-4F.E. FIXED BASE (104 HZ)

FL 305(NOT MEASURED EXPERIMENTALLY)

0 1___-__ J_--

0 02 04 06 08 1 0

NORMALIZED MODE

Figure 50. Cross-sectional mode shape 4 comparisons for
monolith 16, dam without reservoir

IJ



EL. 495
10 T

08

UjU

0 0
w

0,

0

-02 0 02 06 1 0 1 4 18B

NORMALIZED MODE

Figure 51. Cross-sectional mode shape 5 comparisons for
monolith 16, dam without reservoir

.,.

%3!

r -, 4
,-4,

[0,'

0



EL. 495 0

08

* ~EL 437 10

02

o 0 040 0 0

%r0?
% U

:LEGEN



EL 495
1 0

-' LEGEND

a EXPERIMENT (6.8 HZ)
-F.E. FIXED BASE (7 9 HZ)

0.8

EL 437
0-0.6

N

0 04z

0?0

NOP)MALIZFr) MO1DE

* ~.~-- - -mode shap- 2 ccOmpt!u 3orii or-

m,,:~> Jam~r i I~ it r -os orvI ir

i%

0,% V,
YVM' ') ,*.h



EL 495 ~1 0

08 

I

EL 437 -
M-06 -

"" LU

Cl

0 04
z

02

LEGEND
a EXPERIMENT (76 HZ)

- FE FIXED BASE (93 HZ)

"04 0 04 08 12 16

NORMALIZED MODE

, Figure 54. Cross-sectional mode shape 3 comparisons for

monolith 22, dam without reservoir

,'-

p,.

=d6



EL. 495"~ 0d

08

.L. 437
T-0.6

IVI

0
n) ruJ

0 0.4
z

02

LEGEND

/-4 F.E. FIXED BASE (10.4 HZ)

(NOT MEASURED EXPERIMENTALLY,

EL. 350
0

0 0.2 04 0.6 08 10

NORMALIZED MODE

Figure 55. Cross-sectional mode shape 4 comparisons for
monolith 22, dam without reservoir

X ,

', ...... ..-,. .-.-, ,. , , ...- ... -.;.. -' -.".' -.;."I



EL 495

08

EL 437 106

I

N
<

0 04z

* 02

LEGEND
a EXPERIMENT (82 HZ)

-4 FE. FIXED BASE (10.7 HZ)

EL 350

0 02 04 06 08 10

NORMALIZED MODE

Figure 56. Cross-sectional mode shape 5 comparisons for
monolith 22, dam without reservoir

I

.1



MONOLITHS

7 16 22

080 -- j

0 40

*a
N 0

040

- -0 a EXPERIMENT (13 HZ)

F-- FE. FIXED BASE 16 HZ)

&-- F E FLEXIBLE BAS E 15 7 HZ)

S 00
00020 040 060 080 0o

NORMALIZED LENGTH

Figure 57. Analytical and experimental crest mode shape I
comparisons for damn with reservoir

V

.

%
%

m%



rw~'r~M-----------------------------> WJ..*~..-..r. -- r F r ---- r rr- U- F-

,I

MONOLITHS

7 16 22

C) 80

0 4

f40 a-

I.

I LEGEN
j8 a EXP pF I NT p

% ,

/ - IE4H i
I I 

F 1 .

% %

PL

'.+i . *' * .** - - -I - I " ]

*~ % 4 - . % - .!4t '. **



% 7 16 22

INS

- 40

u04

5 -- - -- 0FEFIIF A4( Z

F. I F IL Rm, Z

n, i 4I(d e pe ie t l rs od h p

\r ,:3 o la ih re e v i

* LEGEN



MONOLITHS

716 22

-0-1ILEGEND

080 aU- ___ __ FXF-'HIMFNT 175 HZ)
&-- - F I i ID BASE (8 2 HZ)

6- - F F i tEXIBIE . BASE (7 6 HZ)

0.40

-I.

N 0

00 0 000OO 010

NO M LIE LENGTH

Figre60 Aaltial ndexermeta crstmoe haeU

coprsn ____ !am_ 'with reservoir_



.rb -. I.. •

. -

% MONOLITHS

7 6 22

r gLEGEND
0 - EXPERIMENT (81 HZ)

0- -- -- 0 F E FIXED BASE (8 HZ)
A- FE. FLEXIBLE BASE (80 HZ)

040 
- -

ID IL

-• .-.- 7,--/

o 40 I

-- -' I

080*-

0 0.20 0,40 0.60 080 1 00

* NORMALIZED LENGTH

9... Figure 61. Analytical and experimental crest mode shape 5

comparisons for dam with reservoir

. r

.,

"~



i -u - - . -. - +t . rvr vwr- - . . w rr J , - - - fl ; -S = + , i . -. -; , : .- V - , p - - + :t ]

EL 495
1 0

0.8

~-p. ~06

LEEN

0.2 L G N

a a EXPERIMENT (5.3 HZ)

-4F.E. FIXED BASE (6.2 HZ)

EL 400

0 0.2 04 0.6 0.8 10

NORMALIZED MODE

Figure 62. Cross-sectional mode shape 1 comparisons for. monolith 7, downstream face, dam with reservoir

-- Z 7"0 .zcl ." -o. 1 60 P

r 5 Z"

a '..
1j.'.0 04 -,'.,

U °i: +

H .. FX DBA E(. Z



N

E L4-95

0.8

0.4

%3iw

0 E 0 49 06 08

'% NO M LIEDM D
o 4

Fiur LEGENDscina oe hp cmaisn o

m.ol. 7, EXPERIMENT 62 dri
""[' l ~r F E FIXED BASE 68 HZ)

,. 0 2 0 4 0 6 0 8
!,. NORMA LIZE D MODE

6Figure 63. Cross-sectional mode shape 2 comparisons for
• monolith 7, downstream face, dam with reservoir

.1*

.Jd

S



LEG END

a EXPERIMENT (7.3 HZ)
08 o , F.E FIXED BASE (7.6 HZ IN

2"o 6

06

""II

r EmXPRe shM:E 3 comHZ Is
moniot d ro-ir ace, Jani w

. . .. ., .' a .< .. . . . .

op F e .1 de

-' ov' t , d~ '.r . a e a b : r. .



LEGEND

U EXPERIMENT (75 HZI

-F E. F IXED BASE 62 HZ)

-~j ti



-A191 ~3 SUMMARY OF THE RICHARD 8 RUSSELL CONCRETE DAN VIBRATION /
STUDY(U) ARMY ENGINEER UATERMAYS EXPERIMENT STATION
VICKSBURG MS STRUCTURES LAB R S NAIGHT ET AL FEB B8

UNCLASSIFIED MdES/TR/SL-88--iB F/G 13/2 U

EhEEEEEEmhhiE

I lmhE.EhE



- - - f L W -- - -- -w-wrx~ RRWU'rK INI 1 f-7 7V W I K E W iww w WW.U T

IC 11111220

S. 11_1.25 111. 4 1.

, le

% __

%0vIPJ



EL 495 1.0 1

LEGEND

0.U 0 EXPERIMENT (8.1 HZ)
0,8,,, F.E. FIXED BASE (8.7 HZ)

I-

z 0.6

_J
<

0 0.4
z

0.2

EL 400 0

-1.0 -0.6 -0.2 0 0.2 0.6 1.0

NORMALIZED MODE

Figure 66. Cross-sectional mode shape 5 comparisons for

monolith 7, downstream face, dam with reservoir
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1. Foundation properties are taken from Richard B. Russell Dam Design

Memorandum 8, 1983. The in situ elastic modulus of the foundation, Ef , was

estimated from the average cynamic modulus of elasticity, cross-hole seismic

velocity and pulse velocity of rock core samples. The dynamic modulus of

elasticity, ERC , measured from seven rock core samples is shown in Table 4

of the main text.

ERC 9.6 106 psi

2. The average cross-hole seismic velocity, vf , taken from 44 mea-

surements was 12,810 ft/sec, with a coefficient of variation, Cv = 0.22

The average pulse velocity, VRC , taken from 10 rock core samples was

16,130 ft/sec with Cv = 0.20 The velocity of waves, v , propagating

through an elastic material is (Timoshenko and Goodier 1970)*

v (Al)

where

E = modulus of elasticity

P = mass density

Assuming constant mass density, Ef can be estimated from ERC using Equa-

tion Al:

E V 2 2
f- f 12,8102ERG ____ __281 2 :0.63 (A21

E RC V2 16,1302
,.,. VRC,

Then

Ef = 0.63 x 9.6 106 psi

- 6.05 10 psi

3. Elastic theory was used to obtain spring constants for the flexible

base analysis of the entire dam. The stiffness of a semi-infinite solid acted

on by a distributed loading on the boundary is (Timoshenko and Goodier 1970)

*• S~e eferences at the end of the main text.
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k (A3)
m(l -

where

k = stiffness

E = modulus of elasticity

A = magnitude of distributed load area

m = 0.95 for a square loading
= 0.92 for a 2:1 rectangular loading

v= Poisson's ratio

Using m = 0.92 , Poisson's ratio = 0.2 , and an elastic modulus of foundation

of 6.05 106 psi, spring constants were calculated for each node along the

base of the dam. Because the loaded area varied, the constants varied from

283 x 108 lb/ft to 461 x 108 lb/ft. These constants gave an upper bound to

- results obtained from vibration tests.

4. Studies were performed on the effect of foundation interaction

I on the natural frequencies of individual two-dimensional (2-D) and three-

dimensional (3-D) nonoverflow sections. Sections used for the 2-D and 3-D FE

., analyses were 1 and 48 ft wide, respectively. Tables Al and A2 summarize com-

parisons of natural frequencies of the nonoverflow section using:

a. Winkler springs along base.

b. FE foundation (Figure Al).

c. Fixed foundation.

5. The grid used for the nonoverflow section in the analysis of the

entire dam was also used for the individual nonoverflow section analyses with

Winkler springs and fixed foundation. The grid shown in Figure Al was used

for the analysis with FE foundation. Dynamic concrete modulus nf elasticity

values were used, along with an elastic modulus of foundation equal to 9.60

* 106 psi. Figures A2 and A3 show the effect of spring stiffness on the

fundamental frequency of the nonoverflow monolith.

6. The results indicated that a relatively low spring constant approxi-

mated the FE analysis with foundation (Figure A2). For the 2-D model, the ef-

fect of the horizontal spring constant on natural frequency is insignificant

0 when it exceeds about 2 108 lb/ft, as shown in Table Al and Figure A3.

7. As shown in Figure A2, the fundamental frequency of the 2-D model

approaches the fundamental frequency with a fixed foundation for values of

spring constant above 20 10 8 lb/ft. However, the fundamental freq Icncy of

A2

VoI



9the 3-D model approaches the fundamental frequency with a fixed foundation for

values of spring constant over 100 x 108 lb/ft. This indicates that the 3-D

model is more flexible than the 2-D model.

8. Elastic theory predicts a much stiffer spring constant than obtained

from comparison with thu results using an FE foundation grid. Using a modulus

of elasticity of 9.60 106 psi, Equation A3 gave a spring constant of 92.7

. 108 lb/ft for the 2-D model and a spring constant of 383 x 10l b/ft for the

3-D model. The equivalent spring constants of the FE foundation grid results

were 4.5 x 108 lb/ft for the 2-D model and 12.3 x 10 lb/ft for the 3-D model

(Figure A2). Thus, elastic theory predicted foundation stiffness 20 to 30

times larger than an FE model with foundation grid.
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APPENDIX B: MODAL ASSURANCE CRITERION*

1. The modal assurance criterion (MAC) is a measure of the consistency

between estimates of modal vector. This criterion was used to indicate quan-

titatively how well the mode shapes compared. The modal assurance criterion

is defined as

IMOM(c,d) 2MAC(c,d) - MOM(c,c) MOM(d,d) (Bi)

where

MAC(c,d) = MAC for vectors c and d

MOM(c,d) = cross moment of the modal vectors c and d

MOM(c,c) = auto moment of the mode vector c

MOM(d,d) = auto moment of the mode vector d

For real modes, Equation BI reduces to

00

'p..r.MAC *0]2(B2)

where

b] :element of mode vector 0

0. = element of mode vector 0

MAC = MAC of vectors i and 0

2. The MAC criterion will have values from zero, representing no cor-

respondence, to one, representing a consistent correspondence.

Allemang and Brown (1982). See References at the end of the main text.
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APPENDIX C: HYDRODYNAMIC INTERACTION

1. Westergaard (1933)* derived an approximate formula for the added

mass of water on the vertical upstream face of a dam during earthquakes. As

shown in Figure C1, Westergaard assumed a parabolic added mass distribution.

Using consistent units:

b 1 hy(Cl)

where

b = width of added water mass

h = depth of reservoir

y = vertical distance from top of dam

Westergaard neglected the effects of flexibility of the dam and compress-

ibility of water.

2. Chopra (1978) developed an approximate analysis method accounting

for the flexibility of the dam and compressibility of water. The approximate

natural period of vibration of the dam with reservoir effects is

H
T = R 1.4 s (C2)

where

T = vibration period with water, sec

R, = ratio of fundamental vibration periods of dam with and
without water, plotted (Chopra 1978) against depth of
water for various values of concrete modulus of elasticity

Hs = height of dam, ft

E = concrete modulus of elasticity, psi

S3. For the Richard B. Russell Dam, assume that height of dam 185 ft,

depth of water 170 ft, and concrete modulus of elasticity 5 106 psi.

Then Ri = 1.31 , and the vibration period computed by Equation C2 is

0.'517 sec. Therefore, the fundamental natural frequency of the dam with

water is 6.59 Hz using Chopra's approximate analysis.

See References at the end of the main text.
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4. As discussed below, a modified Westergaard formula was used to com-

pute a fundamental natural frequency nearly the same as that computed using

Chopra's procedure. As shown in Figure C1, the mass distribution from

Equation C1 was factored by 0.5, producing a total water force of 43,832 lb on

*. -a 1-in.-wide face of dam:

7 hy T6(C3)

5. As shown in Figure C1, the constant reservoir width, W , that

produced the total water force from Equation C3 was calculated.

W = total water force (C4)
y h~W

where

W = constant reservoir width

0'Yw = weight density of water

h = depth of reservoir

With yw = 62.4 ib/ft 3  h = 170 ft and total water force 43,832 lb/in.,

the constant reservoir width, W , from Equation C4 is 49.6 ft. A fundamental

natural frequency of 6.62 Hz was obtained from a two-dimensional dynamic

finite element (FE) analysis of the section shown in Figure C1 with concen-

trated masses applied to the nodes in contact with the constant 49.6-ft reser-

voir width. The same dimensions and material properties of the section used

in Chopra's analysis were used in this FE analysis.

C' 6. The fundamental natural frequency of dam with reservoir calculated

-. from the uniform width of reservoir (6.62 Hz) compared well with the result

from Chopra (1978) (6.59 Hz, or 0.5-percent difference). Therefore, the uni-

form reservoir width concept was used to obtain added masses on the model of

the entire dam. As a first approximation, a constant 49.6-ft-wide mass of

reservoir was applied at all sections of the dam. Concentrated masses due to

the reservoir were applied at nodes assumed to be in contact with the

reservoir.

7. Additional studies on hydrodynamic interaction would use Chopra's

mass distribution in the vertical direction and a modified nonuniform mass

distribution in horizontal direction along the length of the dam.
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a.. APPENDIX D: COMPARISON OF ANALYTICAL AND DESIGN

CROSS-SECTIONAL MODES

1. The modal assurance criterion (MAC) (Allem.ng and Brown 1982)* was

used to quantitatively compare mode shapes in cross section from finite

a.. element (FE) results with the design mode shape proposed by Chopra (1978).

2. In Figures D1 to D3, the design mode shape is compared with three

mod, shapes from three-dimensional (3-D) FE analyses to the Richard B. Russell

Dam .ithout reservoir, fixed base, for nonoverflow monolith 6, spillway mono-

*lith '7, and intake monolith 11, respectively. The three FE modes shapes are

at 'he normal frequencies corresponding to the first three FE normal mode

shapes of the dam crest. All shapes resemble the fundamental mode shape of a

2aiitilever beam. As summarized in Table D1, the high value of the MAC in-

.iccates that the analytical and design mode shapes compare well.

3. The analytical mode shapes compared well with the experimental mode

shapes in cross section as stated in the report. It can be concluded that the

design mode shape would also compare well with the experimental results.
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Table DI

Design and Analytical Mode Shape Comparisons

Finite Element Fixed Base Analysis--
Section Dam Without Reservoir Modal Assurance Criterion

Nonoverflow Mode 1 0.99
Mode 2 0.99
Mode 3 0.99

Intake Mode 1 0.97
Mode 2 0.98
Mode 3 0.98

Spillway Mode 1 0.98
Mode 2 0.98
Mode 3 0.99

P1
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APPENDIX E: GLOSSARY

c e'.er.-ticr. A vector quantity that indicates the time rate of change of

Loh K..e F :ctiron - The coherence function for an input/output pair measures
" ha: r~at~o , the output acceleration is linearly caused by a measured input
force.

.,, Couped Modes - Modes of vibration that are dependent upon other modes of
vibrition due to energy transfer. (See "Mode of vibration.")

Critical Davmplng - The minimum amount of damping for which no oscillation
occurs when a displaced system returns to its original position.

CLcle - A set of values that occurs during one complete performance of a

periodic process.

Damped .atura Freueicy - Frequency of free vibration of a damped linear
system.

DamoLr9 - Energy loss of a system due to friction and other resistances.

Damnirg Ratio - Ratio of the actual amount of damping of a system to the
critical damping of the system.

D rees-of-freedom - The number of independent coordinates required to define
the motion of a system.

Dynamic Modulus of Elasticity - A measure of the material elasticity under
dynamic loads, calculated from the measurement of the fundamental resonant
freeney oF vibration.

•jorvaliA Frequency of a normal mode of vibration.

Ei-envcctor - A configuration of a vibrating system, or normal mode of
vibrition in which all particles are in harmonic or sinusoidal motion at the

sax~ Each eigenvector can exist independently of other eigen-
ve~tor- of "h sj-fem.

-Oxc t:,iorn -An -;Merral force acting or. a system that caLses the system to
... , -- a,-.. :r _. - i pa t ar '-,I y .

For e or Vibration or oscillation of a system due to excitation

Sr orl - ci , lation of a system under the action of internal fcrces
r-) s vyi: -hout exter al excitation.

-j 7 2prc: of the period or repetition time of oscillation,
. r y per ,nit time. Hertz (Hz) is cycle per second.

S ); Transfer Function) - The complex (.e. , oormposed

..- 7 r,,tio of he measured output acceleration to th

-I west n tura] frequency of a system.

ri ' MA)I,< .f" ' t' r, - Mode that has the lowest natura: :'e",juercy.

i
r M. ) - ho o F ms (:nertial mass) cri. i r's.

,to %,t oft and acceleration.
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